In this paper we present a mathematical model of a sealed nickel-cadmium cell that includes proton diffusion and ohmic drop through the active material in the nickel electrode. The model is used to calculate sensitivity coefficients for various parameters in the model. These calculations show that the discharge voltage of the cell is affected mostly by the kinetics of the nickel reaction. Toward the end of discharge, proton diffusion also becomes important, because the proton diffusion process affects the active material utilization significantly. During charge, the cell voltage is mainly affected by the kinetics of the nickel reaction until the oxygen evolution reaction begins, after which time the kinetics of the oxygen evolution has the largest effect. The oxygen evolution reaction is also the most influencing factor on the actual charge uptake of the cell by the end of a charge operation (charge efficiency). Compared to the rates of reaction and proton diffusion, the ohmic drop in the active material of the nickel electrode and the mass transport and ohmic drop in the electrolyte have negligible effect on the behavior of the cell studied here.
Introduction
Many researchers and manufacturers are interested in the charge and discharge performance of the nickel-cadmium battery (Ni-Cd). It is well known that the battery performance is the result of complex chemical and physical phenomena 1-3 that take place inside the battery. A mathmatical model of an Ni-Cd cell can be used to help understand these phenomena.
Fan and White 4' developed a one-dimensional (1D) model for the charge and discharge operations of a nickelcadmium cell, which is similar to a model for a nickel-zinc cell presented by Choi and Yao. ~ Fan and White 4' 5 included the oxygen reaction in both electrodes and used a nonNernst expression for the equilibrium potential in the nickel electrode. They used this model to predict the experimental observation that the oxygen reaction is important toward the end of charge and during overcharge because it reduces the utilization of the active material. For low rates of discharge, Fan and White 4'5 found that the model predictions were in fair agreement with the experimental data for moderate rates of discharge. However, for high discharge rates the predictions deviated from the experimental observations. Specifically, their model does not predict the decrease of active material utilization as the rate of discharge is increased, as discussed by Timmerman Contrary to Choi and Yao, 6 Fan and White 4'5 found that the mass transport in the electrolyte phase has little effect on the electrode behavior. They concluded that the charge and discharge behavior of the nickel-cadmium cell is under kinetic control.
Some researchers 8-n have proposed that the proton diffusion in the active material of the nickel electrode controls the performance of the cell. Bouet et al. 1~ developed a pseudo 2D model for the discharge operation of the nickel electrode that incorporates this proton diffusion process. Their model simulations .are in excellent agreement with their experimental data. The nickel electrode discharge predictions obtained by Bouet et al. ~2 exhibit a significant improvement in simulating experimental observations over those from models that do not include the proton diffusion process} -6'I~'~4 Their simulations show that the active material utilization is affected by the proton diffusion process. Mao et al. ~ reached the same conclusion with a model for the discharge of a nickel-hydrogen cell that includes the proton diffusion in the nickel electrode.
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Some studies 8m indicate that the ohmic drop through the active material of the nickel electrode also may affect the behavior of the electrode. Experimental results reported by Zimmerman and Effa 11 showed that the proton diffusion process controls most of the discharge of the nickel electrode. They also found that, as the electrode is being discharged, the conductivity of the active material decreases until the proton diffusion no longer controls the discharge and mixed control becomes evident. Further discharge results in the formation of a semiconductor layer that controls the last portion of the discharge.
Proton diffusion and the ohmic drop in the active material of the nickel electrode have been identified as possible important factors in the behavior of the nickel electrode. However, these factors have not been included in a model for the nickel-cadmium battery. Our purpose here is to present a mathematical model of a sealed nickel-cadmium cell that includes proton diffusion and ohmic drop through the active material in the nickel electrode and to evaluate the effect of these phenomena on the predicted behavior of the cell during charge and discharge. This was done by conducting a sensitivity analysis of various model parameters on the voltage of the cell over time and the charge utilization for discharge and charge operation. We found that the kinetic parameters of the nickel electrode reaction have the largest effect on the predicted cell voltage during discharge. Also, the proton diffusion coefficient becomes important toward the end of discharge because it has the largest effect on the active material utilization. During charge, the kinetic parameters of the main reactions of both electrodes are the most important parameters until the oxygen evolution reaction begins on the nickel electrode. Then the kinetic parameters for oxygen evolution become the most important parameters affecting the cell voltage and the actual charge uptake of the cell by the end of a charge operation. The parameters involved in the mass transfer of electrolyte, the ohmic drop in the electrolyte, and the ohmic drop in the active material of the nickel electrode have a negligible effect on the predicted cell voltage and charge utilization in the cell.
The model presented here can be used to predict the performance of the iNi-Cd cell during charge and discharge. Therefore, it can assist battery designers and engineers in studying the effect of various design parameters on battery performance. Figure I shows a schematic diagram of the cross-sectional view of the nickel-cadmium cell and the idealization In the following paragraphs we present the model equations. The equations are formulated separately for the nickel electrode, the separator, and the c a d m i u m electrode.
Model Development
Positive electrode.--We use a pseudo-2D approach to treat the mass transfer and ohmic losses in the nickel electrode. This representation is the same as the one we use in the model for a nickel/hydrogen cell. 15 In this pseudo-2D model, the x dimension is defined across the electrode, and the pseudo-y dimension is defined inside the layer of active material from the nickel substrate to the interface with the electrolyte, as shown in Fig. 1 . In our representation of the nickel e]ectrode, the current collector (nickel screen) is placed in the center of the electrode, which corresponds to x = 0. Thus, the total thickness of the electrode is 211. The surface of the nickel electrode which is in contact with the separator corresponds to x = ll. The governing equations were derived using the theory for concentrated electrolytes ~6 and the theory for porous electrodes. ~7
Equations in the x-direction.--The equations are written for four dependent variables: the electrolyte concentration, c; the oxygen concentration, Co2; the potential in the liquid phase, ~; and the current density in the liquid phase, i2. The equations that describe the behavior of the positive electrode are Material balance on electrolyte (KOH) 0c 0 { Oc~ (t2 -1)c~i 2 el ~ = e~ ~ 0x ~D~ ~ ~ + F 0x [5] J. Electrochem. Soc., Vol. 142, No. 5, May 1995 9 The Electrochemical Society, Inc.
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In the above equations e~ is the porosity of the positive electrode, "ll is the tortuosity factor associated with the porosity, t o is the transference number of the anion OHwith respect to the solvent velocity, Do~ is the diffusion coefficient of KOH, Do2 is the apparent diffusion coefficient of oxygen, j~ and J2 are the nickel and oxygen transfer currents per unit volume of electrode, and K is the conductivity of the electrolyte.
The mass transfer of electrolyte (Eq. 5) is considered to be caused only by diffusion and migration; that is, convection has been neglected as suggested by Sinha TM and Fan and White. 4 The oxygen is treated in the same way as Fan and White 4 did in their model for a nickel/cadmium cell. The mass transfer of oxygen (Eq. 6) is represented using an effective oxygen concentration, Co2. The effective oxygen concentration accounts for the oxygen in the gas phase and that dissolved in the liquid phase. Equation 7 states that the current density at a given position in the electrolyte inside the electrode results from a gradient in the electrolyte's electric potential and a gradient in electrolyte concentration. The electrochemical reactions that occur in the electrode produce a gradient in the current density in the electrolyte; this is represented by Eq. 8.
During charge and discharge the porosity of the positive electrode, e~, varies as the active material changes back and forth from NiOOH to Ni(Ott)2. However, the variation in porosity is small, 4 and thus the porosity in the nickel electrode is considered to be a constant.
The Butler-Volmer equations is used to express the reaction rates for the nickel and oxygen reactions. The equations are 
jl=aNiiol.~ef~( C~l (CH )
~12 = qb~ -qb2 -Ux,re~ [12] in which d& is the potential in the solid phase and U~se ~ and U~,~ are the equilibrium potentials at the reference conditions for reactions 1 and 2, respectively. The equilibrium potentials are expressed with respect to an Hg/HgO reference electrode. Assuming that the reference electrode is at the same conditions as the working electrode, the equilibrium potentials for reactions 1 and 2 evaluated at reference conditions are given by
\CH,ma x --CH,ref/ [13] RT U2.~f = U2 ~ -U~~ + ~ In Po2,reY [14] where U~ and U~ are the standard potentials for reactions 1 and 2, U~x is the standard potential for the Hg/HgO reaction in alkaline media, and Po2,r~ is the reference oxygen pressure. In Eq. 9 and 10 we assume that the orders of reaction for NiOOH and OH-are consistent with the stoichiometry of reactions 1 and 2. The stoichiometry of reaction 2 would predict an order of reaction of 1/2 for O2 to be used in Eq. 10; however, we assume an order of reaction of 1.0 because there is experimental evidence that the rate of oxygen reduction varies linearly with oxygen pressure. 2 Similar assumptions are made for the kinetics of the reactions taking place in the cadmium electrode, where the oxygen reduction is relevant.
At the center of the positive electrode (x = 0) the boundary conditions are O~x ==o = 0 [15] OCO~ox =0 = 0
Equations 15 and 16 represent the condition of zero flux of electrolyte and oxygen. Equations 17 and 18 indicate that all the current density goes through the solid phase (current collector), thus the potential gradient and the current density in the electrolyte are both equal to zero.
At the interface between the positive electrode and the separator (x = 11) the boundary conditions are
~1 00~Cx
~2 0c = e20xx ==zl [19] e~ 1 0Co2 _ e~ 2 0Co2 t 1 OX X=ll-2 OX I~t~ [20] e~l ~X2 ~z = e~2 ~x2 x=zl [21] i21==~1 = ioen [22] in which e2 is the porosity of the separator, "/2 is the tortuosity factor associated with the porosity of the separator, and icon is the applied current density. Equations 19 and 20 represent the continuity of electrolyte and oxygen flux. Equation 21 represents the continuity of current density in the electrolyte. The current density in the electrolyte is equal to the set current density through the cell, icon (Eq. 22).
Equations in the y-direction.--The solid particles in the positive electrode are modeled as cylindrical particles that have the substrate along the central axes of the cylinders. The portion filled with substrate has an average radius of Yo-The active material surrounds the substrate, and its thickness is considered to be equal to the average thickness of active material in the original particles, I r The proton diffusion in the active material is considered only in the radial direction, y, and is represented by OcH _ DH ( 1 0c H 02CH~
Ot (Y + Yo) Oy + Oy 2 ]
[23]
which is Fick's law in cylindrical coordinates. Proton diffusion and electron transfer in the active material are assumed to occur simultaneously. Therefore, the current flows only in the radial direction, y, and there is no current flow in the x-direction in the active material. This d. Electrochem. Soc., Vol. 142, No. 5, May 1995 9 The Electrochemical Society, Inc. results in no generation or consumption of net charge inside the active material. The conservation of charge reduces to the divergence of the current density being equal to zero
The conductivity of the active material, ~, is considered a function of the state of charge of the electrode. In the model, we use the correlation found by Antonenko et aI. ,~ which reads ~r~ = 0.1185 exp (-8.4590~) [25] where the state of charge of the nickel electrode, Oe, is expressed in terms of the proton concentration as
The boundary conditions at the interface of the electrolyte and the active material (y = l~) are
Oy ~:~ ant Equation 27 was obtained assuming that the potential in the active material obeys Ohm's law. Equation 28 indicates that the flux of protons into the active material from the electrolyte is equal to the nickel reaction rate.
The boundary conditions at the interface of the active material and the nickel substrate (y = 0) are
Equation 29 indicates that the flux of protons into the substrate must be zero. At this interface, the potential of the active material must be equal to that of the nickel substrate (Eq. 30). Equations 31 and 32 represent the mass transfer of electrolyte and oxygen in the absence of electrochemical reactions. The current density in the liquid phase is equal to the cell's current density (Eq. 35), because the solid material in the separator is an electrical insulator (Eq. 34). As in the positive electrode, the current density, the potential, and the concentration of electrolyte in the liquid phase are related by Ohm's law (Eq. 33).
Negative electrode.--The negative electrode is modeled in one spatial dimension, x. The governing equations are the same as those posed for the positive electrode in the x-direction. In addition to these equations, the conservation of charge and the variation in porosity are introduced. In these equations % is the porosity of the negative electrode, ~ is the tortuosity factor associated to the porosity of the electrode, crcd is the conductivity of the solid material in the electrode, ON is the state of charge of the negative electrode (see below), ~ is the tortuosity factor associated to the porosity of the solid material in the cadmium electrode, js and j4 are the cadmium and oxygen reaction currents per unit of volume, M~ is the molecular weight of species i, and p~ is the density of species i.
The conservation of charge is represented by Ohm's law in the solid phase (Eq. 39). The porosity of the negative electrode varies as the solid material changes from Cd to Cd(OH)2. Therefore, the rate at which the porosity changes is considered to be proportional to the rate of the cadmium reaction (Eq. 41).
The kinetic expressions for the cadmium and oxygen reactions are
[ c%aF 1~ J~ = acaeN%3,ro~ __ _~ exp t~3j
The local state of charge of the negative electrode, @N, can be expressed as a function of electrode porosity ON = e~ -es,min
[44]
E3,ma x --E3,mi n
The porosity of the electrode takes its maximum value, e3,ma~, when the electrode is fully charged. When the electrode is completely discharged the porosity takes its minimum value, ~3,mm"
The overpotentials in Eq. 42 and 43 are ~13 = ~bl -~b2 -g3,ro~ [45] ~h = r -(be -U4.ref [46] in which U3.r+~ and U~,re~ are the equilibrium potentials at reference conditions for reactions 3 and 4, respectively. The equilibrium potentials are expressed with respect to an Hg/ Except for the condition on the electrode porosity, the boundary conditions at both ends of the negative electrode are the same as those in the positive electrode.
The equations for the model, as described above, were solved using finite differences with an implicit stepping technique for the time derivatives. The value for the parameters involved in the equations are listed in Table I . The relations presented in Eq. 61-67 were used to estimate some physical parameters of the nickel and cadmium electrode presented in Table I [64] [65] Minimum porosity of the cadmium electrode Specific conductivity, K The following expression was obtained for the specific conductivity of the free-electrolyte using experimental data for the equivalent conductance at 25~ for electrolyte concentrations in the range 0.06081 to 10.611 The properties Do~, K, and c/co are functions of the electrolyte concentration, c. We obtained correlations for these properties by fitting polynomials on c ~j2 to the logarithm of each property. The resulting correlations are presented in Table II . The initial conditions used for charge and discharge simulations are listed in Table III .
Sensitivity Analysis
We performed a sensitivity analysis to determine the effect of the various parameters included in the model on the simulated cell behavior. The processes associated with those parameters with the largest sensitivities are the most influential in predicting cell behavior. We have used this method to evaluate the impact of including the proton diffusion and ohmic drop in the active material of the nickel electrode in a model for an Ni-Cd cell.
First, we need to define what we call the behavior of a cell. The model can be used to simulate several responses of an Ni-Cd cell, such as, concentration, potential, and current profiles inside the cell. We choose two responses of the cell that can be simulated with the model and that are of practical interest, the predicted cell voltage as a function of time and the amount of charge present in the nickel electrode at the end of an operation (charge and discharge efficiency). We calculated sensitivity coefficients for the parameters involved in the appropriate equations. The larger the sensitivity coefficient of one parameter with respect to those of the other parameters, the larger is the effect of that parameter on the response being considered. The processes being considered and their associated parameters are listed in Table IV .
The sensitivity coefficient of parameter p on the cell voltage, V~11, is S v and is defined as a Voe11 S~-ap/p (V)
[68]
For each of the parameters included in 
-cH)dydx (cm 2 of electrode) [70]
The coefficient S Q is computed at the cutoff voltage of 0.9 V for the discharge operation and at a given time during overcharge. To compute the sensitivity coefficients, we use the following approximations
in which hp is a small change in the parameter p with respect to its base value, and AVoell and AQ are the resulting changes in V~oI1 and Q, respectively. The base value of all the parameters is shown in Table I . The change in the parameter was chosen such that a forward (Ap > 0) and backward difference (Ap < 0) from the base value gave the same computed sensitivity coefficient. In most cases, the commonly used 1% change on the base value of the parameter 24 was appropriate.
Results and Discussion
Several of the plots presented here are given as a function of the state-of-discharge and state-of-charge of the Ni-Cd cell, which we define as follows State-of-discharge during a discharge operation In Eq. 75, the first term is the potential in the nickel substrate at the center of the nickel electrode and the second term is the potential in the solid phase at the center of the cadmium electrode.
Discharge characteristies.-- Figure 2 presents curves for the predicted cell voltage during discharge for three discharge rates. The curves are consistent with the real behavior of a cell during discharge in regard to the decrease of the discharge potential as the discharge rate is increased. Figure 3 shows the same discharge curves as a function of the SOD of the cell. These curves show the characteristic decrease in the SOD at the end of the discharge operation (cutoff voltage of 0.9 V) as the discharge rate is increased. This behavior is caused by a slow proton diffusion process relative to the electrochemical reaction (Eq. i) that takes place on the surface of the active material in the nickel electrode. During discharge, the proton concentration at the surface of the active material (y = ly) increases because of the main electrochemical reaction (Eq. i). As the proton concentration increases, the overpotential of the nickel electrode increases causing the cell potential to decrease, and when it reaches the maximum proton concentration, cr~ ..... the cell potential drops sharply. The accumulation of protons at the surface of the active material depends on the relative rate between the electrochemical reaction and the proton diffusion into the bulk of the active material. As the discharge rate is increased, the electrochemical reaction rate (J0 increases, the proton concentration at the surface of the active material reaches CH,~a~ sooner, and a sharp drop in the potential of the cell occurs earlier. Thus, increasingly more active material is left unreacted in the nickel electrode as the discharge rate is increased. Figure 4 shows the sensitivity coefficient of various parameters on the predicted cell voltage as defined by Eq. 71. The sensitivity coefficients are given as a function of the SOD for a discharge operation at C/2.1 rate (-10 mA cm-2). In this plot we show only the results for the parameters that have the largest sensitivities. At the beginning of discharge the largest sensitivity is that of the exchange current density of the main reaction in the nickel electrode, io~,~. As the discharge proceeds, the sensitivity coefficient of the transfer coefficient ~a~ increases until -it becomes the largest. Therefore, the kinetic parameters of the main reaction of the nickel electrode (Eq. 1) has the largest effect on the discharge voltage during almost the entire operation. However, toward the end of discharge (SOD = 0.95) the sensitivity of the proton diffusion coefficient becomes important also, and the predicted cell voltage is affected by both the kinetics of the nickel reaction and proton diffusion into the active material. If the cell is discharged at a higher rate (C/0.7), the sensitivity coefficients for the various parameters exhibit a similar behavior as those for a C/2.1 rate. In Fig. 5 we can see the results for the largest sensitivity coefficients for both rates, and these are those for iol,re~, %1, and DH. As the rate of discharge is increased, the sensitivity coefficients become larger, but the most important parameters are the same for both rates. However, the sharp increase in the sensitivity coefficient for the proton diffusion coefficient takes place at a smaller SOD for the C/0.7 rate (SOD = 0.9). This means that the portion of the discharge operation during which the proton diffusion affects the cell voltage widens as the rate of discharge is increased. In addition to the predicted cell voltage during discharge, we considered the amount of charge left in the nickel electrode at the end of discharge as a response of interest, because it reflects the discharge efficiency. The sensitivity coefficient of a parameter on this response is given by Eq. 72. Figure 6 shows the results for the largest sensitivity coefficients for discharge rates of C/2.1 and C/0.7. The most important parameter is the proton diffusion coefficient D~, followed by the anodie transfer coefficient of the nickel reaction, aal. This means that the discharge efficiency is mostly affected by the proton diffusion process and the kinetics of the nickel reaction with the proton diffusion having the largest effect. Both processes affect the discharge efficiency of the cell, and their relative importance varies with operating conditions. For example, in Fig. 6 we can see that the sensitivity of DH for a discharge rate of C/0.7 is approximately 2.5 times that for a C/2.1 rate; however, the sensitivity of c~,1 for C/0.7 is approximately five times that for C/2.1 rate. Thus, the relative effect of DH and aal on the discharge efficiency changes with 
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Time (h) Fig. 2 . Predicted cell voltage as a function of time during a discharge operation for three discharge rates (C rate = 20.6 mA cm 2). the discharge rate, and the effect of DH is larger at the higher discharge rate. The sign of the sensitivity coefficients indicates that the amount of charge left in the nickel electrode at the end of discharge decreases as Ds increases and it increases as %1 increases. There is more charge drained from the cell if the proton diffusion process is faster relative to the rest of the processes, especially relative to the rate of the nickel reaction. In summary, the kinetic parameters of the main reactions in both electrodes and the proton diffusion coefficient are the most important parameters affecting the predicted cell voltage and efficiency during discharge. The kinetics of the main reaction in the nickel electrode is the leading factor in predicting the cell voltage during discharge, with the proton diffusion having a smaller effect limited to the very last portion of the discharge process. However, the proton diffusion is the main factor influencing the predictions for discharge efficiency, that is, the total charge drained from the cell during discharge.
Charge characteristics.--Simulations of the charge operation are readily obtained using the same model and changing the sign of the applied current density. Figure 7 shows predicted charge curves for three different rates. The curves exhibit the characteristic overcharge plateau toward the end of the charge process due to the oxygen evolution at the nickel electrode and reduction at the cadmium electrode 9 As the charge rate increases, the cell potential rises more sharply, and the overcharge voltage increases.
Also, the roll-over of the voltage curve at the beginning of overcharge becomes apparent as the charge rate increases. This is caused by the large overpotentials of the oxygen evolution at the nickel electrode and that of the oxygen reduction at the cadmium electrode right after reactions 2 and 4 begin. As the electrochemical reduction of oxygen proceeds in the cadmium electrode, the oxygen concentration decreases, and the overpotential decreases (see Eq. 43); thus, the cell voltage is reduced.
We computed the sensitivity coefficients for the same parameters and responses as for the discharge operation. Figure 8 shows the results for the parameters that have the largest sensitivity coefficients on the cell voltage during charge at C/2.1 rate. Before the oxygen evolution reaction begins (SOC -~ 0.9), the voltage of the cell is mostly affected by the kinetics of the nickel and cadmium reactions, as shown in Fig. 8 . When the oxygen evolution reaction begins (SOC > 0.9) the sensitivity of the transfer coefficient for oxygen evolution (c%2) increases rapidly as the other sensitivity coefficients tend to zero. Thus, the predicted cell voltage during overcharge is affected almost exclusively by the oxygen reaction. For a larger rate of charge of C/0.7, the largest sensitivity coefficients correspond to the same set of parameters as for C/2.1, as shown in Fig. 9 . Figure i0 shows the largest sensitivity coefficients of the parameters on the amount of charge at the end of charge. The end of charge was considered to be at t = 2.52 h for a charge rate of C/2.1 and at t = 0.84 h for C/0.7; that is, an overcharge of 20% over the theoretical time that it would take to charge the nickel electrode fully. The results shown in Fig. 10 indicate that the transfer coefficient for the oxygen evolution, a~2, has the largest effect on the amount of charge present in the nickel electrode by the end of charge. The next most important parameter is the transfer coefficient of the nickel reaction, ~ai. Also, the sign of the sensitivity coefficients indicates that the amount of charge decreases if ~,2 is increased and it increases if cq~ is increased. The larger the rate of oxygen evolution the larger is the amount of current used in this reaction, and thus, the current used in the main nickel reaction is smaller leading to less charge in the electrode.
Conclusion
The incorporation of proton diffusion in the nickel electrode in the mode] for an Ni-Cd cell improves the simulation capabilities of the model, particularly for the discharge process. For the operating conditions considered in this work, the magnitude of the ohmic drop in the active material is small compared to the overall potential drop in the nickel electrode and was shown to have a negligible effect on cell behavior during charge and discharge operations. The most important factors affecting the discharge behavior are the kinetics of the nickel reaction and the proton diffusion process. The discharge efficiency (utilization of active material) is mostly affected by proton diffusion. For the charge operation, the kinetics of the nickel and cadmium reactions affect the predicted cell voltage almost equally. These two reactions are the most important factors in determining the cell voltage during charge before oxygen evolution begins at the nickel electrode; at which time the kinetics of the oxygen evolution become the only relevant process affecting the cell voltage. Likewise, the amount of charge that is input into the cell at the end of a charge operation (charge efficiency) is mostly affected by the oxygen evolution kinetics. The effect of mass transfer and ohmic drop in the electrolyte during charge and discharge is considerably smaller than those just mentioned. In view of these results, one may consider the option of neglecting the mass transfer and ohmic drop in the electrolyte for an approximate and simpler mathematical model of an Ni-Cd cell. However, if one is interested in predicting the electrolyte concentration and potential distribution inside the cell, these processes must be included in a model of an Ni-Cd cell. From the results presented here, it appears evident that any modeling effort for an Ni-Cd cell benefits largely from any improvement in the representation of the electrode processes: main electrochemical reactions, oxygen evolution reaction, and proton diffusion.
The model presented here can be used to estimate the parameters that were shown to have the largest sensitivi- ties on the cell behavior. The experimental data must be collected for conditions under which the parameters have their largest sensitivities. Also, this model can be used to predict battery performance during charge and discharge operations. Therefore, it can assist battery designers and engineers in studying the effect of various design parameters on battery performance.
Introduction
Solid oxide fuel cell (SOFC) is a new electric power generation system with less emission of pollutant, low noise, and high energy conversion efficiency. In particular, it is reported that the energy conversion efficiency is attained as high as 90% by combining with the heat recovery and steam turbine system. Furthermore, the steam reforming of fuels such as methane can directly proceed on the anode of SOFC, since the operating temperature is high. Decreases in the cost per unit electrie power generated and the enhancement of reliability as a generation system are the current subjects for the practical application of SOFC. Although the operation of SOFC is generally studied at 1273 K, i the advantages of SOFC listed are obtained by operating the temperature above 973 K and moreover, refractory metal alloys can be used for cell stacking by decreasing the operating temperature of SOFC down to 973 K. Therefore, the decreases in the operating temperature of SOFC without decreases in the power density make it possible to eliminate the problems of cost and reliability in SOFC system. However, the rate of chemical reaction at the electrode decreases remarkably with decreasing operating temperature, and consequently, the overpotential of electrode becomes the main cause for the voltage drops of cell when the cell is operated in the low temperature range. On the other hand, the apparent activation energy of the La0.6Sr0.4MnO3 cathode which was estimated from the temperature dependence of overpotential is 74 kJ/mol, which is larger than that of Ni anode, 64 kJ/mol. Therefore, it is expected that the decreases in the voltage drops due to the * Electrochemical Society Active Member. overpotentials of electrode, particularly, cathode are of importance for decreasing the operating temperature of SOFC without decreasing the power density. Perovskite type oxides of Sr-doped LaMO3 (M = Mn, Co, Cu, Fe) have been studied as cathode materials; 2-4 however, these cathode oxides except for doped LaCoO3 were examined at the operating temperature of 1273 K. The doped LaCoO3 oxide is studied as a cathode material for SOFC operating at intermediate temperature, 4 while there are many difficulties for the application of LaCoO3 for the cathode of SOFC. 1 On the other hand, almost all studies on cathode materials use La 3+ cations for the A site element in perovskite oxide, ABO3. In our previous study, we investigated the effects of rare earth cations in the A site upon the cathodic overpotential of perovskite-type oxide containing Mn for B site cations, and it was found that A site cations have a great influence on the cathodic property of perovskite oxide. 8 In the present study, the effects of A site cations as well as the dopant for A site on the cathodic property were studied in further detail for the development of a new cathode with low overpotential in a low temperature region. The thermal.expansion property and the reactivity of PrMnO3 with YSZ electrolyte were also studied.
Experimental
Perovskite-type oxide of Ln0.6Sr0.4MnO~ (Ln = La, Pr, Nd, Sm, Gd, Yb, and Y) was prepared by the evaporation to dryness of the calculated amount of aqueous solutions of commercial Ln203 (99.99% pure), Sr(NO3)2, and Mn(CH3COO)2. The consequently obtained powders were calcined at 1473 K for 3 h and then applied to one face of YSZ disk (5 mm in diameter) as a cathode. YSZ disks
